Introduction {#S1}
============

Many ligand-gated ion channels, such as those gated by gamma-aminobutyric acid (GABA), N-methyl-D-aspartate (NMDA), glycine, acetylcholine and serotonin, are responsive to ethanol (EtOH) and other alcohols[@R1]-[@R4]. Initially, alcohol was hypothesized to indirectly alter the function of channels by changing the fluidity of the lipid bilayer[@R5]. More recent studies, however, suggest alcohol acts directly through a physical-binding pocket located in the channel protein[@R3],[@R6]. In addition to ligand-gated channels, alcohols also modulate potassium channels[@R7]-[@R9]. For example, EtOH activates G protein-gated inwardly rectifying potassium (GIRK or Kir3) channels[@R7],[@R8]. Behavioral studies have shown that mice lacking GIRK2 channels exhibit diminished EtOH-dependent analgesia[@R10] and consume more EtOH than wild-type mice[@R11], suggesting a functional role for GIRK channels in response to alcohols *in vivo*.

GIRK channels are also activated following stimulation of G protein-coupled receptors (GPCR) such as m2 muscarinic receptors (m2R). The mechanism of G protein activation has been extensively studied. Agonist binding to the GPCR leads to activation of the pertussis toxin sensitive G protein heterotrimer (Gαβγ), allowing the Gβγ subunits to associate directly with the channel and induce channel activation[@R12],[@R13]. Mutagenesis and chimeric studies have identified several regions in the cytoplasmic domains of GIRK channels involved in Gβγ binding and activation[@R14]-[@R19]. Interestingly, pertussis-toxin treatment, which prevents GPCR-mediated G protein activation of GIRK channels, does not prevent alcohol activation[@R8]. These experiments suggest that alcohol activation occurs through a mechanism distinct from G protein activation.

Similar to GABA-gated ion channels, a physical pocket in the channel with a defined cutoff is postulated to mediate alcohol activation of GIRK channels. That is, alcohols with a carbon chain length up to four carbons (i.e. methanol, ethanol, 1-propanol (1-PrOH) and 1-butanol (1-BuOH)) activate GIRK1/2 heteromeric channels while longer alcohols inhibit the channels[@R7],[@R8]. This cutoff effect suggests there are physical constraints, possibly linked to the length or hydrophobicity of the alcohol, that determine the sensitivity to alcohol modulation[@R6],[@R8]. However, the molecular mechanism underlying alcohol activation of GIRK channels is not known. Mutagenesis studies of GIRK2 channels have implicated the distal C-terminal cytoplasmic domain in activation by alcohol[@R7],[@R20], but these studies did not reveal a physical alcohol-binding pocket in the channel.

Recently, we described a high resolution structure of the cytoplasmic domains of a G protein-insensitive inwardly rectifying potassium channel (IRK1 or Kir2.1) that contains bound alcohols[@R21]. The alcohol, 2-methyl-2,4-pentanediol (MPD), is bound to four similar solvent accessible hydrophobic pockets, each formed by two adjacent subunits of the tetramer. Intriguingly, this IRK1-bound pocket has features similar to the structure of an odorant alcohol binding protein, LUSH, which was crystallized with EtOH[@R22]. In both structures, the alcohol pocket is formed by hydrophobic amino acids and hydrogen bonding polar groups. Thus, the hydrophobic alcohol-bound pocket in IRK1 is a putative site for modulation by alcohols. Because the crystal structure of the cytoplasmic domain of GIRK1 or GIRK2 channels is very similar to that of IRK1[@R23]-[@R25], we hypothesize that GIRK channels also possess cytoplasmic hydrophobic alcohol-binding pockets that are involved in alcohol-dependent activation.

Results {#S2}
=======

Conservation of MPD bound pocket in IRK1 and GIRK2 {#S3}
--------------------------------------------------

Recently, we showed that a high resolution structure of the IRK1 cytoplasmic domains contains bound alcohols (which we refer to here as IRK1-MPD)[@R21]. The alcohol-binding pocket in the IRK1-MPD complex is formed by hydrophobic amino acid side-chains from three different domains, the N-terminal, the βD-βE ribbon and the βL-βM ribbon ([Fig. 1a,b](#F1){ref-type="fig"})[@R24]. There are seven amino acids that interact with MPD[@R21]. Of these, the hydrophobic side-chains of F47, L232, L245 and L330 and Y337 point toward the pocket. In addition to the hydrophobic environment of the pocket, hydrogen bonds may form between one of the hydroxyl groups of MPD and a hydrogen bonding triangle between backbone carbonyl of P244 and OH group of Y242 via a water and between the second hydroxyl group of MPD and the hydroxyl group of Y337[@R21]. We compared the high-resolution structure of IRK1 with that of GIRK2[@R25] and identified the putative alcohol-binding pocket in GIRK2. The hydrophobic pocket in GIRK2 has significant conservation with amino acids that line the pocket in IRK1 and appears large enough to accommodate MPD similar to IRK1 ([Fig. 1c,d](#F1){ref-type="fig"}).

MPD activates GIRK2 channels similar to primary alcohols {#S4}
--------------------------------------------------------

To test whether the hydrophobic pocket in GIRK2 is the site for alcohol-mediated activation, we first investigated whether GIRK2 channels are sensitive to MPD modulation. Whereas primary alcohols up to the size of butanol (1-BuOH; four carbons) activate GIRK1/2 channels[@R7],[@R8], the effect of MPD with five backbone carbons was unknown. GIRK2 channels expressed in HEK-293T cells produced a small inwardly rectifying basal K^+^ current that was inhibited by extracellular Ba^++^ ([Fig. 1e](#F1){ref-type="fig"}). Bath application of MPD (100 mM) increased the amplitude of the inwardly rectifying current ([Fig. 1e](#F1){ref-type="fig"}), indicating that MPD activates GIRK channels. Note also that MPD appeared to inhibit an endogenous voltage-gated outward current at positive potentials ([Fig. 1e](#F1){ref-type="fig"}, arrow), which is likely a voltage-gated K channel[@R9]. All three alcohols activated GIRK2 channels at 10 mM and displayed a steep increase in activation around 100 mM ([Fig. 2a](#F2){ref-type="fig"}). The activation curve for MPD falls between EtOH and 1-PrOH ([Fig. 2b](#F2){ref-type="fig"}) and does not reach a maximum, similar to previous studies[@R7],[@R8]. These results show that MPD activates GIRK2 in a similar manner to other small n-alcohols. Interestingly, 1-pentanol (1-PeOH), which also has five backbone carbons like MPD, predominantly inhibits GIRK2 channels (see [Supplemental **Fig. S1**](#SD1){ref-type="supplementary-material"}). Therefore, a large diol, such as MPD, activates GIRK2 channels in a similar manner to small primary alcohols, such as ethanol, but is different from 1-PeOH (see Discussion).

Pertussis toxin treatment does not prevent EtOH activation of GIRK channels, indicating that GPCR coupling to G proteins is not involved[@R8]. To rule out the possibility that alcohols activate GIRK channels by directly stimulating G protein heterotrimers and liberating Gβγ subunits, we measured the alcohol response of GIRK2 channels in cells co-expressing a myristoylated form of phosducin (m-Phos) that chelates Gβγ following stimulation of GPCRs[@R26]. Compared to controls, carbachol application led to smaller and rapidly desensitizing m2R evoked GIRK2 currents in cells coexpressing m-Phos ([Fig. 2c--e](#F2){ref-type="fig"}). All three alcohols, on the other hand, activated GIRK2 channels to the same extent in the presence of m-Phos ([Fig. 2d,e](#F2){ref-type="fig"}). Thus, alcohol-dependent activation of GIRK2 channels does not appear to require free Gβγ subunits. Together, these results support the interpretation that alcohols directly activate GIRK channels through a physical alcohol-bound pocket.

Role for hydrophobic pocket in alcohol activation {#S5}
-------------------------------------------------

To determine whether the hydrophobic pocket in GIRK2 mediates alcohol activation, we examined the effects of the side-chain volume using an amino acid with a small (Ala) or large (Trp) side-chain ([Fig. 3a,b](#F3){ref-type="fig"}). Six mutants did not express basal K^+^ currents (\< −1 pApF^−1^) ([Fig. 3b](#F3){ref-type="fig"}). In mutant channels engineered with an extracellular hemagglutinin (HA)-tag, we investigated whether the lack of basal current was due to a trafficking defect using confocal microscopy. Four mutants, HA-GIRK2-Y58W, HA-GIRK2-Y58A, HA-GIRK2-L342W and HA-GIRK2-Y349A, expressed on the plasma membrane but did not conduct currents ([Fig. 3b](#F3){ref-type="fig"}; [Supplementary **Fig. S2**](#SD1){ref-type="supplementary-material"}). Mutations at GIRK2-I244 impaired expression on the membrane surface ([Fig. 3b](#F3){ref-type="fig"}). These findings suggest the hydrophobic pocket in GIRK2 is important for channel gating and/or assembly in the absence of alcohol. Four other mutants, GIRK2-L257A, GIRK2-L257W, GIRK2-L342A and GIRK2-Y349W, produced functional channels that were activated by EtOH ([Fig. 3c](#F3){ref-type="fig"}). However, GIRK2-L257W displayed significantly smaller EtOH-activated currents ([Fig. 3c](#F3){ref-type="fig"}), suggesting that Leu at position 257 in the βD-βE ribbon is a key residue that is required for alcohol-dependent activation of GIRK2 channels.

In the IRK1-MPD structure, L245, which is homologous to L257, is positioned at the base of the pocket, and interacts intimately with MPD. The decrease in EtOH-activated current of GIRK2-L257W raised the possibility that amino acids with bulky side-chains might generally interfere with alcohol activation. We systematically evaluated the effect of substituting twelve different amino acids of increasing molecular side-chain volume in GIRK2-L257. Of the twelve, five expressed (\> −1 pApF^−1^) and could be investigated further for possible changes in alcohol-mediated activation ([Fig. 4a](#F4){ref-type="fig"}). The magnitude and rank order (1-PrOH \> MPD \> EtOH) for alcohol activation with smaller molecular volume substitutions, such as Ala, Cys and Met, were indistinguishable from wild-type Leu in GIRK2 channels ([Figs. 4b,c](#F4){ref-type="fig"} and [5a](#F5){ref-type="fig"}). On the other hand, GIRK2-L257Y reduced 1-PrOH and MPD but not EtOH activation while GIRK2-L257W affected EtOH, 1-PrOH and MPD dependent activation ([Figs. 4d,e](#F4){ref-type="fig"} and [5a](#F5){ref-type="fig"}). Interestingly, 100 mM MPD no longer activated and now inhibited the basal currents for GIRK2-L257W ([Figs. 4e](#F4){ref-type="fig"} and [5a](#F5){ref-type="fig"}). For GIRK2-L257Y and GIRK2-L257W, the decrease in alcohol activation was observed at a full range of concentrations (25, 125, 250 mM) for 1-PrOH or MPD ([Fig. 5b](#F5){ref-type="fig"}), indicating a significant impairment in alcohol sensitivity. In addition to the change in alcohol response, mutations at L257 also reduced the m2R-mediated currents ([Figs. 4c-e](#F4){ref-type="fig"} and [5a](#F5){ref-type="fig"}), indicating that L257 is involved in both alcohol-mediated and Gβγ-mediated activation (see Discussion). Taken together, these results demonstrate that increasing the side-chain volume at L257 leads to a progressive loss in alcohol-mediated activation ([Fig. 5a](#F5){ref-type="fig"} and **inset**). A switch in alcohol activation occurred with an increase in volume from wild-type Leu (101 Å^3^) to Tyr (133 Å^3^) or Trp (168 Å^3^). In addition, bulky substitutions at L257 affected larger alcohols (MPD) more than smaller alcohols (EtOH), suggesting the molecular volume of the pocket is an important determinant of alcohol specificity.

Because alcohol activation is a property of most types of GIRK channels[@R7],[@R8], we reasoned that a homologous mutation in a related GIRK channel would also alter the response to alcohols. To test this idea, we investigated the effects of mutating L252 in GIRK4\*. GIRK4\* contains a mutation in the pore-helix (S143T) that enhances channel activity without affecting surface expression[@R27]. Substituting Ala (26 Å^3^), Tyr (133 Å^3^) or Trp (168 Å^3^) at L252 in GIRK4\* channels did not change the basal K^+^ currents ([Fig. 6a](#F6){ref-type="fig"}). Similar to mutations of L257 in GIRK2, Trp and Tyr substitutions in GIRK4\* decreased EtOH, 1-PrOH and MPD activation, as compared to L252A, with 1-PrOH now inhibiting GIRK4\*-L252W ([Fig. 6b--f](#F6){ref-type="fig"}). In contrast to GIRK2, however, MPD activation of GIRK4\*-L252W was not significantly different from wild-type ([Fig. 6e,f](#F6){ref-type="fig"}). Mutating GIRK4\*-L252 also significantly reduced m2R-activated GIRK currents ([Fig. 6c--f](#F6){ref-type="fig"}). Thus, the putative hydrophobic alcohol-binding pocket in GIRK4\* is important for mediating alcohol activation but GIRK4\* may accommodate MPD differently than GIRK2 (see Discussion).

Mutations of MPD pocket do not alter alcohol inhibition {#S6}
-------------------------------------------------------

MPD is bound to a hydrophobic pocket in the crystal structure of IRK1, suggesting that MPD might inhibit IRK1 channels like other alcohols[@R7],[@R8]. Bath applying 100 mM MPD inhibited nearly 50% the basal inwardly rectifying K^+^ current through IRK1 channels ([Fig. 7a](#F7){ref-type="fig"}). The MPD inhibition was dose dependent and had an IC~50~ of 104 ± 23 mM and a Hill coefficient of 0.93 ± 0.02 (n=8) ([Fig. 7b](#F7){ref-type="fig"}). We next investigated whether Trp substitutions in the hydrophobic alcohol-binding pocket of IRK1 altered alcohol-dependent inhibition ([Fig. 7c](#F7){ref-type="fig"}). IRK1-F47W, IRK1-L232W, IRK1-L245W IRK1-L330W but not IRK1-Y337W produced significant basal K^+^ current (data not shown). Like wild-type IRK1, MPD inhibited the basal currents of mutant channels in a dose-dependent manner. In fact, the IC~50~ for MPD inhibition was indistinguishable among the different IRK1 mutants ([Fig. 7d](#F7){ref-type="fig"}). Furthermore, IRK1-L245W mutation did not alter inhibition by EtOH, 1-PrOH or 1-BuOH (data not shown). Thus, mutations at the hydrophobic pocket of IRK1 channels do not appear to alter the sensitivity to inhibition by alcohols.

IRK1 channels are constitutively open, producing a large basal K^+^ current. We speculated that alcohols might therefore inhibit GIRK channels engineered to be constitutively open. We introduced a high affinity PIP~2~ site shown previously to produce a large basal current[@R28],[@R29] (GIRK2-PIP~2~). In contrast to wild-type GIRK2, GIRK2-PIP~2~ exhibited large basal currents as expected (−530 ± 197 pApF^−1^, n=5). Application of 100 mM MPD inhibited the basal K^+^ current of GIRK2-PIP~2~ ([Fig. 7e](#F7){ref-type="fig"}). Similar to IRK1, we hypothesized that mutating L257 to Trp in GIRK2-PIP~2~ would have no effect in alcohol-mediated inhibition. Accordingly, GIRK2-PIP~2~-L257W produced large Ba^++^-sensitive currents (−363 ± 182 pApF^−1^, n=6) that were inhibited by MPD, similar to GIRK2-PIP~2~ channels ([Fig. 7f](#F7){ref-type="fig"}). We conclude that the hydrophobic alcohol-binding pocket in IRK1 or GIRK2 is not involved in alcohol-dependent inhibition. Furthermore, these results show that constitutively open inwardly rectifying K^+^ channels are not activated further by alcohols.

While investigating alcohol modulation of GIRK4\*, we discovered that 1-BuOH activated GIRK4\*, in contrast to inhibition of GIRK4 wild-type ([Supplementary **Fig. S3**](#SD1){ref-type="supplementary-material"}) or GIRK1/4 heterotetramers[@R7],[@R8]. GIRK4 and GIRK4\* differ by a point mutation (S143T) in the pore-helix[@R27] suggesting that S143T may regulate sensitivity to alcohol inhibition. To assess whether this site is generally involved in alcohol-mediated inhibition of GIRK channels, we introduced a Thr at the equivalent Ser (S148T) in GIRK2-PIP~2~ channels. As predicted, GIRK2-PIP~2-~-S148T significantly shifted the IC~50~ for MPD-dependent inhibition compared to GIRK2-PIP~2~ ([Fig. 7f](#F7){ref-type="fig"}). Taken together, these experiments implicate amino acids in the pore-helix in regulating the extent of alcohol-dependent inhibition and support the conclusion that the cytoplasmic alcohol-binding pocket mediates alcohol-dependent activation, but not inhibition, of GIRK channels.

Discussion {#S7}
==========

Based on high-resolution channel structures and functional mutagenesis, we have identified a physical site for alcohol-mediated activation of GIRK channels. Amino acid substitutions that increased the molecular side-chain volume at a conserved Leu in the βD-βE ribbon of the hydrophobic pocket of GIRK2 decreased alcohol-mediated activation of GIRK channels (see [Fig. 8a](#F8){ref-type="fig"}). In particular, two substitutions, Trp and Tyr, at the Leu in the hydrophobic pocket of GIRK2 (L257) and GIRK4\* (L252) channels produced a progressive loss in alcohol activation. For GIRK4\*, Ala substitution increased the amplitude of alcohol-activated currents. Thus, increasing or decreasing the volume of the pocket by altering the amino acid side-chain produced changes in alcohol activation. Similarly, the size of the putative alcohol-binding pocket in GABA~A~ α1 and glycine receptors is important for determining modulation by alcohol and other small anesthetics. Increasing the bulkiness of amino acids in the putative alcohol-binding pocket of these channels eliminates the modulation by EtOH[@R3] or isofluorane[@R30]. By contrast, decreasing the size of amino acids in the same region of the decanol-*insensitive* GABA ρ1 receptors now enables potentiation by decanol[@R3],[@R6]. Taken together with our findings, these studies support a model that physical pockets of defined dimensions can be probed with mutations that change the dimension of the alcohol-binding sites. Using the IRK1-MPD structure as a guide, we estimate the volume of the hydrophobic alcohol binding pocket of GIRK channels to be ∼250 Å^3^, which is large enough to accommodate bulky alcohols like MPD (∼130 Å^3^, [Fig. 8b](#F8){ref-type="fig"}). A Trp mutation in the pocket would decrease the volume that could potentially occlude larger alcohols ([Fig. 8b](#F8){ref-type="fig"}). In addition, the sensitivity to activation may be different between GIRK2 and GIRK4\* channels. For example, Trp substitution in GIRK2 eliminated MPD activation, revealing inhibition of current. In GIRK4\*, Trp substitution eliminated 1-PrOH activation but showed only a significant decrease in MPD activation when comparing Ala with Trp substitutions. One possible explanation is that MPD fits differently in the alcohol pocket of GIRK4\*, which could be revealed in a complex of MPD and GIRK4 structure.

The observations that mutations at the hydrophobic pocket did not alter alcohol-dependent inhibition of IRK1, and that S148T mutation (but not L257W) in GIRK2-PIP~2~ decreased alcohol-dependent inhibition suggest that GIRK channels possess two different sites for alcohol modulation. In the Kirbac1.3 structure, the Ser is located in the pore helix of Kirbac1.3 where there is no space for alcohol ([Supplemental **Fig. S4**](#SD1){ref-type="supplementary-material"}), suggesting that S148 regulates the sensitivity to inhibition but does not form the binding site. Alcohols might interfere with ion permeation or possibly with gating at the transmembrane domains, similar to voltage-gated K channels[@R9]. Another possibility is that alcohols inhibit the channel by altering the fluidity of the lipid membrane[@R5] and/or decreasing interactions with phospholipid phosphatidylinositol bisphosphate (PIP~2~), which is required for channel function[@R31].

Interestingly, whereas 1-octanol inhibits GIRK channels, co-application of 1-octanol with EtOH has no effect on EtOH-mediated activation, also raising the possibility of a second site for inhibition[@R7]. The net effect of alcohol modulation in GIRK channels would therefore be determined by the relative potencies of activation and inhibition. In support of this, we found that bath application of 1-PeOH inhibited GIRK2 channels but induced a large current immediately after washout ([Supplementary **Fig. S1**](#SD1){ref-type="supplementary-material"}), revealing two components of alcohol modulation. It is notable that MPD predominantly activates GIRK channels in contrast to large primary alcohol of similar size. A functional difference between diols and primary alcohols has been reported previously for NMDA channels[@R32]. The addition of a hydroxyl group may lead to decreased sensitivity to inhibition for GIRK channels. The presence of two sites for alcohol modulation also suggests that ascribing a cutoff number for alcohol activation of GIRK channels would not be accurate, in contrast to the determination of the cutoff number for GABA~A~ channels[@R33].

Two different types of alcohol-bound protein structures have been solved previously, the enzymatic/catalytic alcohol dehydrogenase (ADH) and a non-catalytic Drosophila odorant-binding protein, LUSH. In ADH, primary alcohol is coordinated with Zn^2+^ in a hydrophobic pocket, where it catalyzes the oxidation of alcohol to aldehyde[@R34],[@R35]. Mutagenesis studies in the pocket indicated the bulkiness of side-chains in the hydrophobic pocket determines alcohol specificity[@R36]. The high-resolution structure of LUSH in complex with small alcohols showed that in addition to hydrophobic interactions, a network of hydrogen bonds help stabilize alcohol in the LUSH alcohol-binding pocket[@R22],[@R37]. The hydrophobic pocket in IRK1-MPD has many of the same features of these alcohol-binding pockets. First, hydrophobic amino acids form the pocket and interact intimately with hydrocarbons of the alcohol ([Fig. 1b](#F1){ref-type="fig"}). In GIRK2, mutations of L257 to bulkier amino acids significantly reduced or eliminated alcohol-mediated activation. This finding is consistent with the role of hydrophobic side-chains in determining the size of the alcohol-binding pocket. Second, the IRK1-MPD structure indicates that hydrogen-bonds form between MPD and the backbone carbonyl of P244, Y242 via a water and a hydroxyl of Y337 ([Fig. 1](#F1){ref-type="fig"})[@R21]. At the homologous position for IRK1-Y242, GIRK2 contains a Phe (F254), which indicates that this hydrogen-bond triangle may not be essential. Additionally, we found that MPD-mediated activation was not affected by Y349W mutation at the homologous position of IRK1-Y337) ([Supplemental **Fig. S5**](#SD1){ref-type="supplementary-material"}). Therefore, it is possible that the carbonyl group of Pro in the βD-βE ribbon is the linchpin that stabilizes alcohol in the pocket via hydrogen-bonding. Unnatural amino acid mutagenesis[@R38] would be needed to further establish the importance of this hydrogen-bond interaction in stabilizing alcohol.

Though specific alcohol-induced conformational changes in the channel protein remain to be determined, our structural analysis between IRK1-MPD structure and that of chimeric KirBac1.3-GIRK1 structure provides some new clues into channel gating[@R24],[@R39]. Two different conformational states of GIRK have been described: a putative open state, due to the open position of the G-loops in the cytoplasmic gate[@R24],[@R39] (GIRK1-*open*, [Fig. 8c](#F8){ref-type="fig"}) and a putative closed state (GIRK1-*closed*, [Fig. 8c](#F8){ref-type="fig"}). We aligned the IRK1-MPD structure with these two different Kirbac1.3-GIRK1 structures, and discovered that IRK1-MPD structure aligns better with the GIRK1-*open* in the hydrophobic alcohol-binding pocket ([Fig. 8c](#F8){ref-type="fig"}, **zoom**). By contrast, the alignment with GIRK1-*closed* structure shows striking differences in the hydrophobic alcohol pocket. In particular, the side-chains from F46 in the N-terminal domain, L246 in the βD-βE ribbon and L333 in the βL-βM ribbon fill the hydrophobic pocket of the putative closed state of GIRK1. In the open state, however, structural rearrangements of F46, L246, L333 and F338 occur that enable MPD to now fit in the pocket.

Based on our mutagenesis data and structural analyses, we propose a tenable model for alcohol activation of GIRK channels. At rest, GIRK2 channels undergo infrequent structural rearrangements in the pocket that correlate with the open and closed positions of the channel\'s cytoplasmic gates, the G loops[@R24],[@R39] and M2 transmembrane domains[@R40]-[@R42] ([Fig. 8c](#F8){ref-type="fig"}). Alcohol entering the pocket could then stabilize the open conformation, leading to alcohol-activated currents. Bulky substitutions at L257/L252 of GIRK channels, located at the base of the alcohol pocket, would hinder alcohols from filling the pocket. Alcohols might also displace other amino acids that fill the hydrophobic pocket in the closed state ([Fig. 8c](#F8){ref-type="fig"}), promoting the open state. Previous studies have suggested that Gβγ-dependent activation of GIRK channels involves increases in PIP~2~ affinity[@R28],[@R31]. Similarly, changes in PIP~2~ binding may also be involved in alcohol-dependent activation of GIRK channels. Studies in the future will need to investigate the molecular relationships between movement of the N-terminal domain, βD-βE and βL-βM ribbons within the hydrophobic pocket, PIP~2~ interactions, and the channel gates.

The alcohol-binding pocket may also be involved in Gβγ-dependent activation. Mutation of a conserved Leu (GIRK2-L344, GIRK4\*L339, GIRK1-L333, [Fig. 8c](#F8){ref-type="fig"}) to Glu in the βL-βM ribbon of GIRK channels attenuates Gβγ activation[@R17]-[@R19]. We found that mutations in the βD-βE (L257) ribbon that altered alcohol-dependent activation also reduced Gβγ-dependent activation ([Figs. 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}). Together, these results suggest that conformational changes in the βD-βE and βL-βM structural elements, along with the N-terminal domain[@R43],[@R44], may be central to both alcohol-and Gβγ-dependent activation. Intriguingly, hydrophobic amino acids in the G protein Gβ subunit have been implicated in GIRK channel activation[@R45], which perhaps interact directly with the alcohol-binding pocket in GIRK.

Materials and Methods {#S8}
=====================

Molecular Biology and Cell Culture {#S9}
----------------------------------

cDNAs for mouse GIRK2c[@R46] (GIRK2c is referred to as 'GIRK2' in this study for clarity), rat GIRK4\[Krapivinsky, 1998 \#126\], mouse IRK1[@R24], human m2R[@R46], and bovine m-Phos[@R26] were subcloned into pcDNA3.1 vector (Invitrogen). GIRK4\* contains a S143T mutation in the pore-helix[@R27]. Point mutations were introduced by Quickchange site directed mutagenesis kit (Stratagene). GIRK2-PIP~2~ mutant was created by overlap-PCR method[@R47]. Briefly, a region of GIRK2-D228-L234 was replaced with the homologous region of IRK1-N216-L222; this region contains seven amino acids in the βC-βD region implicated previously in PIP~2~ binding[@R28],[@R29] (we refer to this mutant as GIRK2-PIP~2~). All mutations were confirmed by DNA sequencing. HEK-293T cells were cultured in DMEM supplemented with 10% fetal bovine serum, and 1X Glutamax (Invitrogen) in a humidified 37° C incubator with 5% CO~2~. Cells were plated in 12 well dish, and transiently transfected with DNA using Lipofectamine 2000 (Invitrogen). Cells were replated to 12-mm glass coverslips coated with poly-D-Lysine (20 μg/ml) 12−24 hr after transfection.

Detection of channels expressed on membrane surface {#S10}
---------------------------------------------------

GIRK2c and mutant channels were engineered with an extracellular hemagglutinin (HA) epitope inserted between I126 - E127 for immunohistochemical detection with anti-HA antibodies[@R46]. HEK-293T cells were transfected with 0.5 μg of channel cDNA and examined 24−48 hr after transfection. Cells were washed with 1X Dulbecco\'s Phosphate Buffer Saline (DPBS; Invitrogen), fixed with 2% para-formaldehyde (PFA) in 1X DPBS for 10 min and rinsed with 1X DPBS (at 22−25° C). To label surface channels, cells were incubated with blocking buffer (3% BSA in 1X DPBS) for 1 hr and then with anti-HA mouse antibody (1:400 in blocking buffer; Covance) for 2 hr at 22° C. To label cytoplasmic channels, cells were rinsed with 1X DPBS, permeabilized with 0.25% TritonX-100 (Sigma) in blocking buffer for 10 min at 22° C and incubated with blocking buffer for 1 hr. Cells were then incubated with rabbit anti-GIRK2 (1:200 in blocking buffer; Alomone) for 2 hrs. Following rinses in 1X DPBS, cells were incubated with fluorescent secondary antibodies, anti-mouse Alexa-647 and anti-rabbit Alexa-488 (1:300; Invitrogen) for 1 hr in the dark. Cells were rinsed with 1X DPBS, mounted on microscope slides using Progold anti-fading reagent (Invitrogen), and both fluorophores imaged with a Leica TSC SP2 AOBS laser confocal microscope.

Whole-cell patch-clamp electrophysiology {#S11}
----------------------------------------

HEK-293T cells were transfected with 0.2 μg of channel cDNA and 0.04 μg of eYFP cDNA to identify transfected cells. For some experiments, 0.8 μg of m2R and 0.8 μg of m-Phos cDNA were also transfected. Whole-cell patch clamp recordings were performed 24−72 hr after transfection. Borosilicate glass electrodes (Warner Instruments) of 5−7 mΩ were filled with intracellular solution (130 mM KCl, 20 mM NaCl, 5 mM EGTA, 2.56 mM K~2~ATP, 5.46 mM MgCl~2,~ 0.30 mM Li~2~GTP, and 10 mM HEPES, pH 7.4). Extracellular 20K solution contained 20mM KCl, 140mM NaCl, 0.5mM CaCl~2~, 2mM MgCl~2~ and 10mM HEPES (pH7.4). Alcohols (0.1 − 300 mM), carbachol (5 μM), or BaCl~2~ (1 mM) were diluted into the 20K solution and applied directly to the cell with the rapid valve-controlled, perfusion system (Warner Instruments, VC6, MM-6 manifold). All chemicals for electrophysiology were purchased from Sigma-Aldrich. Whole-cell patch-clamp currents were recorded using Axopatch 200B (Molecular Devices; Axon Instruments) amplifier. Currents were adjusted electronically for cell capacitance and series resistance (80−100%), filtered at 1kHz with an 8-pole Bessel filter and digitized at 5kHz with a Digidata 1200 interface (Molecular Devices: Axon Instruments). Currents were elicited with voltage ramp protocol, from −100 mV to +50 mV, delivered at 0.5 Hz. Currents were measured at −100 mV and converted to current density (pApF^−1^) by dividing by the membrane capacitance. Basal K^+^ currents (Ba^++^-sensitive) were quantified at −100 mV by applying 1 mM BaCl~2~ in 20K and measuring the amplitude of the Ba^++^-inhibited current. Alcohol- and carbachol-modulated currents were measured at −100 mV by averaging current from two consecutive sweeps upon reaching steady state, and subtracting the mean basal current before and after the application of the modulator. Pooled data are presented as mean ± s.e.m. and evaluated for statistical significance (*P* \< 0.05) using a one-way ANOVA, followed by Bonferroni multiple comparison post-hoc test. To determine the IC~50,~ the inhibition curves were fit with the Hill equation y=1/(1+\[x/c\]\^b), where y is fraction current remaining, x is the concentration of alcohol, b is the Hill coefficient and c is the IC~50~, the concentration of alcohol that produces 50% inhibition[@R48].

Structural Analysis {#S12}
-------------------

Molecular representations were made using PyMOL (DeLano Scientific) with PDB files 2GIX (IRK1-MPD), 2E4F(GIRK2) and 2QKS (Kirbac1.3-GIRK1). The cavity of the IRK1-MPD pocket was calculated using CASTp server[@R49] with 1.4 Å probe radius. L245W was modeled in the IRK1-MPD structure by optimizing the best rotamer position for Trp using PyMOL software. Molecular volume estimates for amino acid side-chains were based on reported values[@R50].
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![A conserved alcohol-binding pocket in IRK1 and GIRK2 channels\
**a**) CPK representation of the cytoplasmic domains from two subunits of IRK1 in complex with an alcohol, MPD (PDB: 2GIX). The pocket for MPD is formed by three structural elements: the N-terminal domain (blue) and the βL-βM ribbon (orange) from one subunit, and the βD-βE ribbon (green) from an adjacent subunit. Inset, schematic of IRK1 (red) shows the major structural elements of the subunit including pore loop and helix, two transmembrane domains, and N- and C-terminals used in the structure (dashed box). **b,c**) Detailed structural views of amino acids forming the hydrophobic alcohol pocket of IRK1 with MPD (ball and stick) (**b**) and a putative hydrophobic alcohol pocket in GIRK2 (PDB: 2E4F) (**c**). Amino acid residues shown in stick format are colored according to the domain they originate from; as MPD is shown in ball-and-stick format. The putative position of MPD in the GIRK2 (dashed circle) was obtained by superposition of two adjacent cytoplasmic domains from IRK1 structure and corresponding subunits from GIRK2 structure. **d**) Sequence alignment for the three domains comprising the hydrophobic alcohol pocket in IRK1 and GIRK2 channels. Boxes indicate amino acids that form hydrophobic and hydrogen-bond interactions in IRK1-MPD, and are conserved in GIRK2. 'HG' in the N-terminal domain of IRK1 originates from the polypeptide linker in the IRK1-MPD structure. **e**) Current-voltage plots for GIRK2 channels recorded in the presence of 20K (blue), 20K plus 1 mM Ba^++^ (black) or 20K plus 100 mM MPD (red). Currents were elicited by voltage ramps from −100 mV to +50 mV. MPD-induced current was 246% ± 27% (n=5, mean and s.e.m.) of basal K^+^ current (Ba^++^ sensitive).](nihms-121958-f0001){#F1}

![MPD activates GIRK2 in a manner similar to other alcohols\
**a**) The inward current through GIRK2 channels plotted as a function of time (at −100 mV) shows the response to the increasing concentrations of MPD and to 1 mM Ba^++^. Dashed line shows zero current level. **b**) Dose-response curves are shown for MPD (n=6), 1-PrOH (n=6), and EtOH (n=6). The fold-increase was calculated by normalizing to the basal K^+^ current (Ba^++^-sensitive). **c-e**) Chelating Gβγ with m-Phos attenuates m2R- but not alcohol-mediated activation of GIRK2. Current responses recorded at −100 mV are shown for m2R/GIRK2 (**c**) or m2R/GIRK2/m-Phos (**d**) in response to 100 mM 1-PrOH, 100 mM MPD, 100 mM EtOH, or 5 μM carbachol. **e**) Bar graphs show the mean percentage alcohol and carbachol responses (± s.e.m.), normalized to the Ba^++^-sensitive basal current, in the absence (solid, n=4) or presence of m-Phos (grey, n=7). Asterisks indicate statistical significant difference from wild-type (*P* \< 0.05).](nihms-121958-f0002){#F2}

![Ala/Trp scan of the hydrophobic alcohol-binding pocket in GIRK2\
**a**) Ribbon structure shows amino acids that line the hydrophobic alcohol pocket in GIRK2. **b**) Summary table of Ala/Trp mutagenesis. Basal K^+^ currents (Ba^++^-sensitive) were divided into three groups; \< −1 pApF^−1^ (ø), −1 to −5 pApF^−1^ (+) and \> −5 pApF^−1^ (++) (n = number of recordings). Surface expression on the plasma membrane was assessed in separate experiments with HA-tagged channels; detected on the surface (+) or detected only in cytoplasm (−). See [Supplemental **Fig. S1**](#SD1){ref-type="supplementary-material"}. Schematic shows location of HA tag ('v') in GIRK2 (grey). **c)** Bar graph shows the mean ethanol percentage response, normalized to the basal K^+^ current, for different mutant channels (± s.e.m.). L257W showed a significant statistical decrease in EtOH response (\**P* \< 0.05 vs. wild-type).](nihms-121958-f0003){#F3}

![Comprehensive mutagenesis of GIRK2-L257 in βD-βE ribbon of hydrophobic alcohol-binding pocket reveals changes in alcohol- and Gβγ-activated currents\
**a**) Bar graph shows the mean (± s.e.m.) amplitude of basal K^+^ current (Ba^++^-sensitive) for substitutions of increasing molecular side-chain volume at GIRK2-L257: Gly (n=7), Ala (n=9), Ser (n=7), Cys (n=8), Asp (n=7), Asn (n=6), Ile (n=7), Leu (wt; n=34; grey bar), Lys (n=7), Met (n=8), Phe (n=7), Tyr (n=9) and Trp (n=9). **b-e**) Inward K^+^ currents for wild-type GIRK2 (**b**) and the indicated GIRK2-L257 mutants (**c-e**) in response to 100 mM 1-PrOH, 100 mM MPD, 100 mM EtOH, 5 μM carbachol, or 1 mM Ba^++^. Inset shows the approximate position of the C-terminal mutation.](nihms-121958-f0004){#F4}

![Reduced alcohol activation with increasing bulkiness of amino acid substitutions at GIRK2-L257\
**a**) Bar graph shows the mean percentage response to different alcohols and carbachol (± s.e.m.), normalized to the basal K^+^ current (Ba^++^-sensitive). Upward response indicates inhibition. Amino acid substitutions are arranged by increasing side-chain volume (Å^3^, see inset). Asterisk indicates significant statistical difference (*P* \< 0.05 vs. Leu). **b,c**) Dose-response curves are shown for GIRK2-L257, GIRK2-L257Y and GIRK2-L257W channels for 1-PrOH (**b**) and MPD (**c**). Note suppression of alcohol activation at all concentrations tested.](nihms-121958-f0005){#F5}

![Mutations in the hydrophobic alcohol-binding pocket of GIRK4\* alter alcohol-activated currents\
**a)** Mean basal K^+^ currents (Ba^++^-sensitive) measured for Ala (n=8), Leu (wt; grey bar, n=8), Tyr (n=8), and Trp (n=8) substitutions at GIRK4\*-L252. There are no statistical differences in basal currents (P \> 0.05 vs. Leu). **b-e**) Inward K^+^ currents for GIRK4\* (**b**) and different GIRK4\*-L252 mutants (**c-e**) in response to 100 mM 1-PrOH, 100 mM MPD, 100 mM EtOH, 5 μM carbachol, or 1 mM Ba^++^. **f**) Bar graphs show the mean percentage responses to different alcohols and carbachol, normalized to the basal K^+^ current (Ba^++^-sensitive). Amino acid substitutions are arranged by increasing side-chain volume (Å^3^) (see inset). Asterisk indicates significant statistical difference (*P* \< 0.05 vs. Leu). Channel schematics show the approximate position of the pore-helix (white ellipse) mutation, for making GIRK4\*, and the C-terminal mutation (black circle). All values are mean ± s.e.m.](nihms-121958-f0006){#F6}

![Mutations in the hydrophobic alcohol-binding pocket of IRK1 have no effect on alcohol-dependent inhibition\
**a)** Current-voltage plots for IRK1 channels are shown for 20K (blue), 20K plus 1 mM Ba^++^ (black) or 20K plus 100 mM MPD (red). MPD inhibited the basal K^+^ current (Ba^++^-sensitive) by 53.1%± 4.1% (n=8). **b**) Dose-response curve is shown for MPD inhibition of IRK1 channel. Smooth curve shows best fit using the Hill equation, with an IC~50~ of 104 ± 23 mM and Hill coefficient of 0.93 ± 0.03 (n=8). **c**) Structural view of amino acids that line the hydrophobic alcohol pocket in IRK1. **d**) Bar graph shows mean IC~50~'s for MPD-dependent inhibition of IRK1 (n=8), IRK1-F47W (n=7), IRK1-L232W (n=7), IRK1-L245W (n=6), IRK1-L330W (n=6). There is no statistical difference compared to wild-type IRK1 (*P* \> 0.05). **e)** Current-voltage plots are shown for GIRK2-PIP~2~ (GIRK2 engineered with high affinity PIP~2~ binding domain from IRK1) channels recorded in the presence of 20K (blue), 20K plus 1 mM Ba^++^ (black) or 20K plus 100 mM MPD (red). **f**) Dose-response curves for MPD-dependent inhibition of GIRK2-PIP~2~ (solid circle), GIRK2-PIP~2~-L257W (open circle) and GIRK2-PIP~2~-S148T (solid triangle). Smooth curves show best fit using the Hill equation and having IC~50~'s and Hill coefficients of 7.7 ± 1.0 mM and 0.66 ± 0.03 (n=5) for GIRK2-PIP~2~, 5.2 ± 1.0 mM and 0.77 ± 0.04 (n=5) for GIRK2-PIP~2~-L257W, and 147.0 ± 31.5 mM and 0.67 ± 0.05 (n=6) for GIRK2-PIP~2~--S148T. All values are mean ± s.e.m.](nihms-121958-f0007){#F7}

![Model for alcohol-dependent activation of GIRK channels\
**a**) Bar graph shows the mean percentage EtOH response (activation or inhibition normalized to wild-type) for a Trp mutation in four different channels, GIRK2-L257W (n=9), GIRK4-L252W (n=8), IRK1-L245W (n=8) and GIRK2-PIP~2~-L257W (n=5). Only mutations in alcohol-binding pocket of wild-type GIRK channels affect the response to alcohol. **b**) Top, schematic of inward rectifier shows location of alcohol-binding pocket in cytoplasmic domains, two gates (G-loop and M2 transmembrane; black triangles) and pore-helix region (red ellipse). PIP~2~ is enriched in lower leaflet of bilayer (orange). Below, molecular surface representations of the alcohol pocket without (Leu), with MPD (Leu+MPD) and modeled with L257W (Trp), using the IRK1-MPD structure as a guide. **c)** Left, alignment of the putative closed state of GIRK1 chimeric channel (GIRK1-*closed*; green) (PDB:2QKS) with the IRK1-MPD structure (grey) (PDB:2GIX). Spaghetti structures show two adjacent cytoplasmic subunits (subunits D and A) and the hydrophobic alcohol pocket at the cytoplasmic subunit interface. Right, zoom shows alignment of the N-terminal domain, βD-βE and βL-βM ribbons from the IRK1-MPD (grey), GIRK1-*open* (orange) and GIRK1-*closed* (green) structures. IRK1-MPD aligns better with the putative open state of GIRK1. Note the significant displacement in the βL-βM beta ribbon element (arrow) and the side-chains of hydrophobic amino acids in the two structures. GIRK1-*closed* but not GIRK1-*open* has a collapsed alcohol-binding pocket, due to interaction and rotation of F46 (IRK1-F47), L246 (IRK1-L245) and F338 (IRK1-Y337). GIRK1-L333 in the βL-βM domain, implicated previously in Gββ gating of GIRK channels[@R17]-[@R19], is shown for reference.](nihms-121958-f0008){#F8}
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